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RESEARCH MEMORANDUM

ICING CHARACTERISTICS AND ANTI-ICING HEAT REQUIREMENTS FOR HOLLOW
AND INTERNALLY MODIFIED GAS-HEATED INLET GUIDE VANES

By Vernon H. Gray and Dean T. Bowden

SUMMARY

A two-dimensional inlet-guide-vane cascade was Ilnvestigeted to
determine the effects of lce formations on the pressure losses across
the guide vanes and to evaluate the heated gas {low and temperature
required to prevent lcing at various conditions. A ges flow of epprox-
imately 0.4 percent of the inlet-alr flow was necessary for anti-icing
a hollow guide~vane stage at an inlet-gas temperature of 500° F under
the following icing conditions: air wvelocity, 280 miles per hour;
water content, 0.9 gram per cublc meter; and inlet-alr statlc temperea-
ture, 0° F. Also presented are the anti-icing gas flows required with
modifications of the hollow internal gas passage, which show heat-
input savings greater than 50 percent.

INTRODUCTION

Ice formations on turbojet-engine inlet guide vanes cause a pres-
sure reduction in the air entering the filrst rotor stage. This pres-
sure reduction may have the following effects, which when combined mey
become serious enough to necessitate shutdown of the engine: reduced
engine thrust, increased fuel consumption, snd increased tail-pipe
temperature,

The investigetion reported herein was conducted at the NACA Lewis
laboratory to determine the magnitude of pressure losses caused by
varlous ice formations on an unheasted 1nlet guide-vane cascade and the
heat requilred to prevent ice formations. A convenient source of heat
for hollow inlet guide vanes 1s hot air bled from the compressor out-
let or hot gas bled from the combustion-chamber outlet. In this
investigatlion, heated alr was utilized to determine the flow rates
and temperatures required to prevent icing. Two guide vanes with
internal modlfications were investlgated and compared with & hollow
vane to evaluate the reductions in heating rates possible with
internsl ~flow-passage alterations.
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The research installation comprised a fixed two-dimensional cascade
of five venes that spanned a short rectangular duct mounted in the 6- by

9-foot icing research tumnel. The vane chord was 2% inches, the geap
between vanes was 3% inches, and the span was 5.9 Inches. Vanes of

smeller chord and gap size mey be more effective serodynamically, but
will become more gquickly blocked with ice under lcing conditions. In
addition, smaller vanes are more difficult to. equip with 1nternal
instrumentation.

The rsnge of conditioms investigeted was as follows:

Inlet-air velocity, mph ¢« + ¢« « ¢ ¢« o © o o « =« s =« =« « « « 178 to 304
Inlet-air total temperature, °F . . . ¢ ¢« « ¢« ¢« ¢ .« « . . =23 to 23
Water content, grem/cu m . « « ¢« ¢ « ¢ o o+ o o« « ¢« & « o« 0.3 to 1.0
Pressure altitude, ¥ . 4 o o o« ¢ ¢ ¢ ¢ o o« ¢ ¢ » + o « « » below 3500

Current turboJjet engines utilize inlet-alr velocltles greater than
those obtalnable in the icing research tummel; firom the velocitiles
Investigated, however, the antli-icing requiraments at higher air-
velocitles may be estimated,

Heat requirements for ilcing protection of inlet gulde vanes have
also been obtalned in a concurrent Investigation (reference 1)} utillizing
electrical resistance elements imbedded in a solid metal gulde vane.

APPARATUS AND MODELS

The installation in the lcing research tunnel of the five~guide-
vane cascade and the surrcunding duct is shown in figure 1. The four
tubes upstream of the vanes and the horizontal and vertical rakes
downstream of the vanes were used to measure the pressure loes across
the venes. Additional wall static taps were provided for the pres-
sure study. The horizontal reke was gas=heated and all total-pressure
tubes were electrically heated. The four duct walls, the inlet lips,
and the center=-support fairing were antli-iced by hot gas Iindependent
of the vene heatlng system. The guide vanes were thus the only sur-
faces to collect lce during heat-off operation of the vanes.

The heat supply foxr the five guide vanes consisted of compressed
air heated in a heat exchenger by combustion products of a Jet burner.
Cold air and valving for mixing hot and cold ges as desired, as well
28 a regulator for controlling the flow, were provided. The heated gas
was distributed through & menifold to the five vanes; 1t then flowed
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upward through the vanes into an outlet passage that exhausted into the
tumnel air. The gas flow for the center vane was determined by a cali-
brated metering box in the line. The gas temperature was measured by
thermocouples in the inlet manifold, the center-vane inlet and midpoint,
and by & fivewpolnt thermocouple rake at the ocutlet. The center vane was
insulated at both ends from the duct walls and manifolds.

Surface-temperature measursments were obtalned at midspan of the
center vane by flush thermocouples instslled in smell slots milled
into the steel skin of the vane. The thermocouple junctions were sol-
dered into the slots and the surface falred smooth. The thermocouple
leads were encased in small metal tubes that extended from the Junctions
in a spanwise dlirection in the slots for approximately 10 tube dlam-
eters; the tubes were next brought to the vane outlet through the gas-
flow passage. The leads then Joined a terminal strip located in the
outlet-gas manifold.

The chordwise location of the surface~temperature thermocouples,
as well as sectional views of the three sheet-steel vanes investlgated,
is shown in figure 2. The over-zll dimensions of the three vanes were:
chord, 2.38 inches; solidity, O. 76, span exposed to air flow,
5.90 inches; angle of attack, 15°; external area, 28.9 square lnches;
skin thickness, 0.020 inches, and leading-edge~cylinder diemeter,
0.18 inches. Additional information sbout the vanes is presented 1n the
following table:

Vane Internal Wetted
Plow ares | perimster
, (sq in.) (in.)
1 0.343 4,78
2 .210 8.43
3 «.220 6.38

Venes 2 and 3 were designed with externil contours the same as those
of vane 1 to illustrate the effect of modifilcations in the internal
gas passage, Vane 2 had & 0.020-inch-thick sheet-steel fin soldered
to the vane skin at the internsl leading edge and near the trailing
edge on the concave surface. The fin supported a spanwise insert of
sheet metal enclosing e desd air space, which reduced the net flow-
passage srea (fig. 2(b)}). Vane 3 hed a spanwise insert of insulating
materiasl attached to the convex side of the vane (fig. 2(¢)). For the
oxternal sir-velocity survey, an additional vane was provided with
flush statle-pressure teps in the same positions as the surface-
temperature thermocouples of vane 1.
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CONDITIONS AND PROCEDURE

For evaluating the hesting and icing characteristice of the guide
venes investlgated, the followlng nominal conditions were Imposed:

Injet=-alr Water Inlet-alr velocity
total content (mph)
tempersature | (gram/cu m) Vane
(°F) 1 2 3
=20 0.9 280 180
0 0.4 180
280
0.9 180 180 180
280 280 280
22 0.4 -180 180 180
280 280 280
0.9 180
280

A calibretlion of the water content of the tummel air was mede Just
upstream of the vane duct for the range of ailr temperatures. The varla-
tion in liquid-weter content is shown in figure 3 as measured by sband-
ard rotating=-cylinder technique when the water flow through the nozzles
weas held constant and the air temperasture varied. The elr was saburated
at all tempersbures prior to sprays and the velocity was constant;
-therefore, the liquid-water content should slso have been approximstely
constant. The reductlion in measured liguid-water content at tempera-
tures approaching the freezing point could be due to water dblow-off
from the cylinders occurring because of slow freezing rates, and the
reduction at lower temperstures could be due to freeze-out of the spray
droplets before reaching the models. The callibration shown in figure 3
was used in conjunction with the spray water-flow readlings to determine
the effective water content of the air paselng through the gulde vanes.
The mesn droplet dlemeter was 1n the range of 10 to 15 microns.

In order to determine the serodynamic lossee csused by lce forma-
tions on the gnide venes, lce was allowed to acoumnilate on the unheated
vaneg and pressures upstream and downstream of the vanes were obtalned
at short time Intervals during the lcing perlod. The pressure readings
were usually terminated before eny ice accumilations were shed from the
vanes in order to safeguard the totel~pressure rake. Occasional 4if-
ficulty was experienced in malntaining the total-pressure tubes lce-
free, with the result that scome vane wakes were not so well defined as
pla.n.ned -
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The heating rates required to prevent icing on the gulde vanes
were determined by progressively dscreasing the gas temperature at
constant gas and air flow. Visual observetlons of the vane surfaces
helped to locate the marginel anti=-lcing heat reguirements, but such
observations were subject to error when dense spray clouds caused low
visibility. Surface temperatures taken at critical points provided a
meens of interpolatlon between reedings at different heating inten-
sities; the epproach to freezing temperatures on the vanes was thereby
more accurately determined.

RESULTS AND DISCUSSION
Aerodynamlic Charscteristics

The velocity distribution over the external surfaces of the guide
venes investigated is shown in figure 4. No discernible change in the
veloclty distribution occurred for the range of air velocitles inves-
tigated in both wet and dry air.

The chordwise variation of the Internsl-gas-velocity profile is
shown In figure 5 for the three guide vanes investigated. The veloci-
ties were determlned at the outlet end of the wvanes at points equi-
distant from the passage side walls and showed little change in profile
for the selected range of gas flows and temperatures. Vane 2 neces-
sitated two velocity profiles, one on each side of the center insert.
The velocity profile normel to the side walls was not determined,
although large gradients near the walls would be expected.

The wedge-shaped trailing portion of the vanes offered such
resistance to gas flow that the velocity was greatly reduced in this
region. The gas velocity through vane 1 at & point 60 percent down-
stream of the Internmal-passage leading edge was spproximately 1.2 times
the mass mean velocity and then decreased almost linearly to O at the
internal tralling edge. At an internal chord length of 0.74, the
velocity through the concave slde of wvane 2 fell to O at the Junction
of the internal fin and concave wall of the vane. The velocity dis-
tribution through vane 3 and the convex side of vane 2, however, was
considerably improved; it was above the mean mass velocity back to
92 percent of the Internal chord. Elsewhere in the internal passages,
the principal deviatlon between the vanes was the tendency of the two
modified vanes to have gas velocity ratios in excess of those for
vene 1. Consequently, more peaked veloclty profiles between peassage
side walls would be expected for vanes 2 and 3 than for vane 1, with
larger percentages of the narrower passages occupled by low-veloclty
wall Tlow.
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Icing Charecteristics and Pressure Losses

Unheated venes. - The nature of the ice formatlons that accumulate
on unheeted gulde vanes can be observed In figure 6 for elight icing
conditions and varlous icing times. A distinct difference is apparent
between the formations at a total air temperature of 0° F and those at
22° F. .Because the ice formations built out laterally at the high air
temperature, a wide and nodular front was presented to the air stream;
whereag at 0% F, where the ice built directly forwerd into the air
stream, the leading edge maintained s regular, wedge-shaped cross
sectlion. The variables water content, alr velocity, and lcing time
contributed principally to the amount of ice accretion.

The pressure losses assoclated with these ice formations are
presented in figure 7, where the pressure loss 1is plotted as a function
of time under icing conditions. The losses lncreased rapldly at the
22° ¥ air temperature, especially at a water content of 0.8 gram per
cublic meter; e maximum of 54 percent wes reached in en icing time of
3 minutes. The pressure loss showed a minor variastion with air veloc-
ity, a marked variatlon with water content, and an spproximately linear
variation with icing time. From figure 7 and the photographe in fig-
ure 6, the losses at the higher water content were serious even at an
air temperature of 0° F; greater and more rapid losses may be antici-
pated for cascades with gap and chord sizes smaller than those reported

herein.

Heated vanes. - Without ice on the vanes, the pressure losses
ranged from 4 to 8 percent across the cascade. The losses with mar-
ginal and submarginal anti-icing were brlefly investigated. With
insufficient heating, the vanes iced as shown in figure 8, The mid-
chord regions of the vanes were ice-free, the leading edges had slight
deposits, and the tralling portions had considerably more ice. When
the heating was submarginal, the pressure loss was increased approxi-
mately 4 percent more by the ice shown in figure 8(a) than for the
uniced condition. At conditions nearer the marginsl hesting level,
the residual ice deposits were small and presented the spotty esppear-
ence shown in figure 8(b). Because of the upward gas flow through the
vanes and the consequent spanwise temperature drop, the gas temperature
vas lowest at the top of the vane; heating insufficient to prevent 1ce
on the top half of the vanes resulted.

Dry-Air Analysis

Preliminsry investigation. - Prior to a determination of the
anti-icing heat requirements, the gulde vanes were investigated for

1417,



1417

NACA RM ES0I08 7

heating characteristics in dry alr. Conduction effects at the vane ends
were briefly investligeted by heating the vanes at zero air velocity
across the venes. The end effects proved negligible. Another run was
made with unheated vanes to determine the datum air temperature, which
is equivalent to the adigbatic surface temperature. The chordwise
surface temperatures were nearly constant and averaged 4° and 1.5° F
below the tumnel total temperature for asir veloclities of 280 and

180 miles per hour, respectively.

Surface-temperature rise. - In dry alr flow with continuous heating,
the surface-temperature rise sbove the datum alr temperature provides s
direct comparison of the external heat-transfer rate between vanes of
the same outside shape, but different internsal configurations, sub-
Jected to the same flow conditions., Such a comparison is made in fig-
ure 9 for venes 1, 2, and 3 at 298 miles per hour alr velocity and
heated by a gas flow of 120 pounds pér hour with a mean gas tempers-
ture approximetely 195° F sbove the datum air temperature. Hollow
vene 1 has considerebly less heat transfer than the two modifled wvanes;
the difference is greater at the trailing and leading edges. Vane 3
has rsduced heat transfer on the convex surface near midchord beceuse
of the insert, whereas vane 2 In this region has & wasteful expenditure
of heat, as shown by the peek in surface-tempersture rise. Vane 3
displays & slight advantaege over vane 2 at the tralling edge.

- Modification effectiveness. - The relative effectiveness of the
modified vanes compared with the hollow vane in regard to heat trans-
fer through the vane metal under the same gas- and alr-flow conditions
1s derived in reference 2. The relative modification effectiveness,
or the rgtio of internal effectlve conductence of the modified vane
to that of the unmmodified venes, ls expressed as

(th'S mod (ts ta)mod_ (ﬁ m s) (l)
(thg)u (ts‘ta)u (tg,m tg)moa

(A1l symbols used in this report are defined in the appendix.) This
effectiveness is plotted in figure 10 against the mess-veloclty rat;o
gpovb/Gu for the leading edges and for average surface values of

venes 2 and 3. The trends are similar to those presented In refer-
ence 2 for symmetrical zirfolls of 10-inch chord length. The guide-

‘vene modifications investigated herein are less effective than the

modifications in the alrfolls of reference Z mainly because the narrow
leading~ and trailing-edge portions of the gas passage through the
vanes do not allow sufficient space for finning to the extent used in
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the symmetrical airfolls. For flow conditions typical of normal engine
operation, the following values of relative modification effectiveness
are representative:

‘

Vane Position Effectiveness

e

®.
05

2 Surface aversge 1.8
Leading edge 1.9
Trelling edge 1.4

3 Surface avereage 1.4
Leading edge 1.7
Trailing edge 1.7

P

The relative merits of the Internal modificatione in increasing heat
transfer at the critical leading- and trailing-edge reglons are shown
in thils table. Veane 2 increased the heat-transfer average over the
surface by 80 percent over that for vane 1, yet increased the irailing-
edge heat traensfer only 40 percent. Vane 3, however, was more effi-
cient in that it incressed the surface average only 40 percent and the
leading end tralling edges by 70 percent. If equivalent blocking
effects are assumed for the inserts in vanes 2 and 3, the sdditlon of
e leading-edge fin to vane 2 apparently increases the leading-edge
heat transfer, whereas the trailing-edge fin actually decreases the
heat transfer by blocking off and decreasing the gas velocity in the
trailing-edge sectilon.

Internal and external flow exponents. - Another important heating
characteristic of the vanes may be evaluated from dry-air data,
namely, the variatiorn of intermnal heat-transfer coefflclent with the
gas flow. This variation may be determined by the method given in
detail in reference 2. The exponents of gas flow in the equation for
the gas heat-transfer coefficient hg are given by the slopes of the
lines in figure 11(a). The three vanes have a gas-flow exponent of
approximately 0.8. Established. formules for fully developed tur-
bulent flow in pipes have the same flow exponent, and the following
equation will therefore be used for the subsequent anslysis of the
wet-air and anti-icing data:

0.3 +0-8 p0.2

-4
hg = 4.1X107" Tg "By (2)



LT%T

KACA RM ESOIOS8 X 9

From the dry=-alr data, the exponent of exbternel alr flow may be
obtained as a functlon of the air heat-transfer coefficlent. The pipe-
flow entrance effects were assumed negliglble because the inlet portion
of the vanes (approximeately 0.75 in. long) was not exposed to external
alr flow. Figure 11(b) ylelds several values of this exponent over a
range of gas flows. The average exponent for air flow over both faces
of the three vanes was approximastely 0,64, This power is midway between
0.5 for laminar flow and 0.8 for completely turbuilent flow. It is prob-
able, therefore, that turbulent flow exlsted over a large part of the
convex surface and laminar flow over much of the concave surface. Under
i1clng condltions, the extent of turbulent flow would doubtless be con-
siderably increased.

Internal hedt-transfer coefficient. - The asverage external heat-
transfer coefficient over the vanes was also determined from the dry-
air deta. The following heat-balance equation was utilized in calcu-
lating the external heat-tranafer coefficient: .

ch(tg,i'tg,o) = by av Aa(ts,av“ta) (3)
The sverage dry-air coefficients were approximately 44 and 64 Btu per

hour per square foot per ©F for air velocities of 180 and 280 miles per
hour, respectively.

Effective gas-passage perimeter. - In calculating heat transfer
through the vane metal, the following heat-balance equation is fre-
quently used:

- hSAS(tg,m-tS,a'V’) = ha,av Aa.(ts,av‘ta) (4)

When equation {2) is used to determine by, the proper values of the
gas heat-transfer sree and perimeter are required. The wetted perimeter
is not & suitable heat-transfer perlmeter for irregular gas passages,
especlally for those of vanes 2 and 3. The effective value of Ag cen

be evaluated epproximately, however, from experimentally observed tem-
peratures, values of hg,gy from the dry-air investigation of external

heat transfer, and values of hg calculated from equation (2). The

ges heat-trensfer area is then set equal to the product of an effective
perimeter and the span; equation (4) accordingly becomes

0.2 .

P *

-4 0.3 0.8 e
4.3X107° Tg "7 W T = IPe(tg mt ay) = belS(tg gy-tg) (5)

Ap
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0.833 ' 7 0.833
h (t -t
Py = ?fg . 5,av a) (6)

"4 i 0.3 0 8
4.1X10 / Tom ¥ (t

By use of temperature data obtained in dry—air flows, the effective gas-
passage perimeter was calculated for the three vanes and found. to be
substantially independent of air velocity and gas flow. The following
effective-perimeter values were obtained for heat balances under wet-

air and icing conditions and are compared with the corresponding wetted
perimeters:

g,m’ts,av)

Vane Effective gas Wetted
passage perimeter perimeter
T (in.) (in.)
1l 4.00 4£.78
2 4.27 8.43
3 3.73 ' 6.38

These values show an effective increase in heat-transfer ares over that
of vane 1 because of fine in vane 2 and a decrease because of the
unhested area of vane 3,

Anti-Icing Requirements

Preliminary investigations. - The datum air temperature in wet
air was determined for the unheated vanes tc be nearly equal to the
tunnel total tempersature at an alr speed of 180 miles per hour and
approximately 1° F less at en air speed of 280 miles per hour. With
unheated vanes in icing conditions, a surface-temperature rise results
because of release of the heat of fusion of the freezing water. At
the leading edge, this temperature rise reached a maximum of 10° F.

Variations in leading-edge temperature nesr marginal heating
level. - A time-temperature trace of the leading edge of vane 3 in a
severe icing condition is shown in figure 12, In addition, the
chordwise surface temperatures are shown at the beginning and after
10 minutes of exposure to the lcing condition. The mean-gas-temperature
increase Auring this interval is also shown. Inltislly the leading-
edge temperature is 32° F until an ice covering sufficient to permit .
melting of the ice at the ice-vane interface has sccreted. During this

1417
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phase the vane surface temperature lncreases markedly, to as high as 50° F,
until the lce is shed, whereupon the surface returms to the lce polnt.
This natural intermittent ice shedding occurred approximately at l-mimmte
intervals. As the ges temperature was Increased, the pesk temperatures
prior to shedding decreased, shedding became more rapid, and the surface
temperature tended to stabilize at the ice polnt. With a further Ilncrease
in ges temperature, the surface became ice-free and the surface tem-~
perature rose steadily. During this 10-minute interval, the leading-

edge temperature rose from 32° to 37° ¥, the average chordwlse surface
temperature rose from 44° to 54° ¥, but the tralling-edge temperature
remained at sbout 13° F. The trailing portion of the vane remained

iced (underheated) throughout this run.

Chordwise tempersture distribution. - In icing conditions, the
chordwise variation of the heated-surface temperatures is illustrative
of the chordwise efficiency of the vanes during anti-icing. Such a
variation is shown in figure 13 whereln the three vanes are compared
with respect to the variastion about the average surface temperstures.
The hesting rate for the three vanes was such that all the thermo-
couples were above 32° F and no ice was evident. Because for vane 2
much of the heat is delivered to the convex surface, which is not a
critical area, vane 2 is less efficient for anti-icing than vape 1.
Based on the average chordwise surface temperature rise, a proportion-
ately smaller temperature rise results at the tralling edge of wvane 2
than for vane 1. Vsne 3, compared with vane 1, is equally efficient
at the tralling edge and considerably more efficient at the leading
edge. The reduced surface temperature of vane 3 on the convex surface
results in the increased efficiency of vans 3; however, this tempera-

. ture does not become low enough to constitute a danger from refreezing

of runback moisture. The idesl chordwlse distribution of surface-tem-
perature ratio (tg- a)/(ts,av’ta) would be a line constant at a

value of 1. In this respect, vene 3 is the best of the three wvanes
investigated, but could be considersbly Improved, especially at the
trailing edge. This improvement might be accomplished by isolating
the tralling portion of the vene with an independent hested gas

supply. -

The chordwise lnternel distribution of ges temperature that
accompanied the surface-temperature distribution of figure 13 is shown
in Pfigure 14, This distribution is simllar to the velocity distribu-
tion of figure 5. '

Heat requirements at spenwise station, - The marginal anti-icing
heat requirements are presented on the basis of the senslble heat in
the gas stream wcp(tg-ta) at & particular spanwise station for which
the heating is just sufficient to prevent icing on that station. The
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station chosen herein is at midspan where the surface-itemperature ther-
mocouples are located. Heet requirements so calculated are independent
of span and can be directly applied in design calculations for similar
vanes with different spans.

In determining the marginel heat requirements for anti-icling the
three vanes st midspan, a suitable criterion 1s required. Because the
trailing edge was the first point to ice when heating was decreased,
the heat requirement would logically be based on marginal anti-icing
et this point. If the leading edge is heated to the ice-free point,
however, the remalning ice on the trailing edge may be considered no
hazard for vanes of the size investigated. In figure 8(a), the leading
edges ere nearly ice-free and the tralling-edge icing 1s well shown.
Two sets of heat requirements were therefore obtained, one for mar-
ginal anti-icing at the tralling edge and one for the leeding edge.
Extensions of the data subsequently presented are based on the con-
servative trailing-edge criterion. '

The average surface temperature of the three vanes at the two
merginal anti-icing conditions is shown in figure 15 for datum air
temperatures from -21° to 32° F, alr velocities of 180 and 280 miles
per hour, and a water content of 0.9 gram per cubic meter. A large
difference in the average surface temperature is evident between the
leading- and trailing-edge 1lce-free condltions. The Inefficiency of
vane 2 in heating the tralling edge is alsoc apparent.

The heat requirements at the midspan section for the same condi-
tions as figure 15 are presented in figure 16 with the addition of
data for a water content of 0.4 gram per cubic meter. The veristion
in water content had a slight effect on heat requirements. The heat
requirements were generally slightly higher at a water content of
0.9 grem per cubic meter than at 0.4 gram per cubic meter for the
ice-free leading-edge condition; however, at the ice-free trailing-
edge condition the opposite trend was found. Although the differences
were slight and accurate water contents were difficult to maintain,
the explanation for the decreassed heat reguirement with the larger
water content at the trailing-edge condition 1s probably that the
increased water runback over the highly heated midchord surfeces
resulted in s higher surface temperature at the trailing edge. The
heat required to malntsin the trailing edges ice-free averaged about
40 percent more than the corresponding requirements for ice-free
leading edges.

Because the data for figure 16 were taken at various values of
gas flow end temperature, no direct comparison of heat requirements

- 1417
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can be made between the three vanes. A comparison can be made, however,
when the same gas flow per unit flow passage ares w/Ap is assumed and

the heet requirements are calculated accordingly. The data of fig-
ure 16(a) are replotted in figure 17(a) with gas flow per unit flow
area assumed constent at 6x10¢ pounds per hour per sguare foot. In
making this conversion, the average external surface temperature and
the hegt-trahsfer cocefficient were assumed to be unaffected and the
required mean gas tempersture was calculated. The gas flow of

ex10% pounds per hour per sguare foot wes chosen for comparison among
the vanes because 1t was near the average flow through the three vanes
during the investigation and represented the lesst change to the data,
At the assumed gas flow, the gas wvelocitles were in the low subsonic
renge and the ges temperatures required  to obtaln marginael conditions
were within l1imits of practicabllity for current engines.

From figure 17, vane 2 is seen to regquire more heating for com-
plete midspan anti-lcing than vane 3, although both regquire consider-
ably less heating than vane 1., At a datum air temperature of 0° F,
vene 1 requires Intermal heat flows of 9200 and 7100 Btu per hour at
alr Plows of 280 and 180 miles per hour, respectively. The heating
requirements for vanes 2 and 3 are gpproximately 40 and 50 percent
less, respectively, than for vane 1.

The data of figure 17(a) are shown in Pigure 17(b) as a function
of the gss temperature required for complete midspan anti-icing when
the gas flow is proportionsl to the gas-passasge ares. Vanes 1 and 2
are practically equivelent in this comparison and vane 3 is slightly
improved over the others.

Calculations for ice-free vanes. - Anti-icing heat requirements
for different gulde vanes may also be compared in terms of the. gas
Flow required for completely ice-free vanes having constant inlet-gas
temperatures. Such a comparison depends on specific span length.

The subsequent calculations were made for the 5.9-inch span investi-
gated for arbitrarily chosen wvalues of inlet-gas temperature. In
these calculations, the average surface temperatures reguired for .
midspan anti-icing (fig. 15) were assumed to apply at the vane ocut-
let. An estimated gas flow permitted a determination of the surface-
temperature average at the vane-inlet end from the relation

A
hg,i Kf (tg,i‘ts,i,ab) = ha,av(ts,i,av‘ta) (7)

The average surface temperature for the whole vane was then assumed to
be the mean bebtween the inlet and outlet values. From this value, the
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gas-temperature drop through the vane was calculated from eguation (3)
end the outlet-gas temperature determined. A check on the average sur-
face temperature at the outlet, in which equation (7) was used, then
indicated whether the initial estimate of gas flow was correct.

The average alr heat-transfer coefficients used in the calculations
were the effective wet-air coefficients determined from all the runs
under icing conditlons by a method similar to that described for the
dry-air coefficients. Because no consistent trends in the wet-air
coefficlents resulted for the variations encountered in water contents
end surface temperatures, the average external heat-transfer coeffi-
clents were assumed constent over the vene span. The average effec-
tive wet-air heat-transfer coefficlents were found to be epproximately
64 and 91 Btu per hour per square foot per °F at ailr velocities of
180 end 280 miles per hour, respectively.

The results of these calculations are presented in figures 18 to
2l. In figure 18, the gas flow required for vane anti-icing is plotted
as & function of datum eir temperature for alrspeeds of 180 and 280 miles
per hour, and constent inlet-gas temperatures of 500° and 300° F. A
significant improvement ls shown In all cases with the higher Inlet-gas
temperature. Calculations for vane 2 (not presented) indicated only
slight savings in ges flow over vane 1. The main cause for the defi-
clency of vane 2 ls the wasteful amount of heat transfer through the
vane midchord with a large resultant gas-temperature drop in the vane.
In order to maintain the necessary gas temperatures at the veane out-
let, the gas flow was increased to the extent of nearly nullifying
the local advantege of vene 2 over vane 1. Vene 3, however, was
greatly improved over vane 1 and required only S50 to 60 percent as
much gas flow for the seme esnti-lcing performance. In figure 19 are
presented four 1llustrative gas-flow calculations (from fig. 18) and
the corresponding values of gas-temperature drop tg,l-tg,o through
the vane., A large range in value of the gas-temperature drop resulted,
as exemplified by & range in vane heat-exchanger effectiveness
(tg,1-tg o)/ (tg,1-ta) from 0.09 to 0.47.

The heat-input requirement for vane anti- icing is shown in fig-
ure 20 as a function of inlet-gas temperature for seversl values of
datum air temperature. When the datum air temperature is 10° F or
above, an increase in inlet-gas temperature above 500° F does not
appreciably reduce the heat-input requirements; whereas for air tem-
peratures of 0° F or lower, considerable savings are reallzed by
increasing the inlet-gas temperature as much as possible. For example,
the requirement for vane 1 for a datum air temperature of 0° F and en

1417
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inlet-gas tempersture of 300° F is 11,900 Btu per hour; whereas at an
inlet-gas temperature of 600° ¥, the heating required is only 7800 Btu
per hour.

The improvement of vane 3 over vane 1 is grestest at the most
critical conditlions for anti-icing; that is, low datum alir temperatures
and low inlet-gas temperatures. At & datum air temperature of -20° F
and an inlet-gas temperature of 300° F, the heat-input requirement
for vene 3 is 39 percent as much as that for vane 1, At 20° ¥ and an
inlet-gas temperature of 800° F, the heat-input requirement for vene 3
is 67 percent of that for vane 1.

The gas flow requlred for guide-vane ice prevention may be
expressed in percent of &ir flow across the vanes, Such a relation
is presented in figure 21 as & functlon of inlet-gas temperature and
inlet-alr velocity for vanes 1 and 3. At an alr veloclty of 280 miles
per hour (fig. 21(a)), the static air temperature was approximately
9¢ F lower than the corresponding datum alr temperstures. At an
inlet-gas temperature of 500° F, the calculated gas flow required for
prevention of icing on 2 gulde-vene stage of the hollow-vane type was
epproximately 0.5 percent of the inlet-air flow at a datum ailr tempera-
ture of 0° F. At an inlet-alr static temperature of 0° F, the require-
ment was approximately 0.4 percent of the air flow. The gas-flow
requirement at this condition for a stage of the vane 3 type was
epproximately 0.2 percent of the alr flow.

The gas-to-ailr flow ratio required for enti-icing e guide-vane
stage is given in figure 21(b) as a function of the inlet-air velocity.
The reletion is shown for vanes 1 and 3 wlith Inlet-gas tempersitures
assumed constant at 300° and 500° F for a datum air temperature of
0° F and water content of 0.9 gram per cubic meter. An increase with
air velocity 1s shown in the gas-to-air flow percent requirement; this
increase resulted from the assumed constant gas-inlet temperature and
variable gas flow. By use of figure 21, guide-vene anti-icing heat
requirements at inlet-air velocities different from those investigated
may be estimated.

Pressure altitudes above 3500 feet were not investigated; however,
previous Investigations have indicated that enti-icing heat require-
ments do not vary greatly with sltitude alone.

SUMMARY OF RESULTS

In an investigation of the licing characteristics and anti-icing
heat requirements for a two-dimensional casocade of gas-heated inlet
guide venes having hollow and modified intermal pessages, the follow-
ing results were cobtalned:
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l. Losses in ram pressure up to 54 percent after 3 minutes of icing
mey result when ice forms on unheated gulde vanes. The losses are -
greater at air temperastures near 22° F than at 0° F because of the char-
acteristic shapes of ice deposits &t the two temperatures.

1417

2. At a particular spanwise station, the heat flow in the internal
gas stream required to prevent icing on an entirely hollow guide vane
wes approximately 9200 Btu per hour at s gas temperature of 273° F when
the ges flow per unit passage ares was at the rate of 6>_<104 pounds per
hour per square foot and when the followlng serious icing condition
was impomed: detum elr temperature, 0C F; air velocity, 280 miles per
hour; water content, 0.9 gram per cublc meter. For the same condition,
the heating requirements were reduced approximstely 40 and 50 percent,
respectively, when the vanes were modified intermally by (a) a spanwise
sheet-metal fin attached at the vane intermal leading and trailing
edges and supporting a center imsert, and (b) a spanwise insulating
insert attsched near midchord to the convex surface. The heating
required to completely prevent lcing on a gulde-vane statlon was
approximately 40 percent more than that required to maintain only an
ice~free leading edge. : T '

3. For ice prevention over the complete vane span and chord, the .
hollow vane required an internal heat flow at the vane iInlet of 11,200
and 7600 Btu per hour at inlet-gas temperatures of 300° and 600° F,
respectively, in the serious icing condition previously mentioned. The .
vene modified with an insulating insert required from 39 to 67 percent
as much heat input as the hollow vane, depending on alr and gas tempera-
ture. When gas at an inlet temperature of 500° F wes used, the hollow
vane and the vane with sn Insert required gas flows only 0.4 and 0.2 per-
cent, respectively, of the inlet-air flow for complete lce prevention at
en air veloclty of 280 miles per hour, a wabter content of 0.9 gram per
cubic meter, and an inlet-air static temperature of 0° F.

4, The vane with fin and insert required nearly as much heat input
as the hollow vane because of a high heat-dissipation rate over most of
the chordal extent of the vane except at the trailing edge where the
internal-gas velocity and tempersture were camparatively low. The vane
with only an insert had the greatest heating rate at the trailing edge
and the greatest effilclency in chordwise heat transfer.

Lewis Flight Propulsion Laboratory,
Nationael Advisory Committee for Aeronsutics,
Cleveland, Ohio. .
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APPENDIX - SYMBOLS
The following symbols are used in this report:
A heat-transfer area, sq £t

AP flow passage net area, sq £t

Cc vane chord length, in.

c internal passage chord length, in.
specific heat of air at constant pressure, Btu/(1b)(°F)

G gas flow per unit flow passage area w/3600 Ay, 1b/(sec)(sq ft)

g acceleration of gravity, 32.2 ft/sec2

H air total pressure, 1lb/sq ft

h convective heat-transfer coefficient, Btu/(hr)(sq £t)(°F)

L vane spen, ft )

P internsl-passage perimeter, ft

q dynemlc pressure (% pﬁz), 1b/8q &

S vane external chordwise-surface length, ft

s distance along chordwise surface from lesdling edge, in.

T absolute temperature, OR

+ temperature, OF

v velocity, ft/sec

w gas flow, 1b/hr

x chordwise distance from internal leading edge, in.

o density, lb-sec?/rtt
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Subscripts:

a externsl alr conditions pr
<
~

av average

e effective ’

g internal gas conditions

i inlet end of gas passage

A local

m mean between inlet and outlet of gas passage
mod modified vane
c outlet end of gas passage

externsl wvane surface

;]

u unmodified vane
0 inlet ambient conditions
1 conditions downstream of vane cascade
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v Thermocouple location
o Thermocouple leads

() Vane 13 fully holloWe.

(o) Vane 2; internal fin end inserte.

(¢) Vane 3j; internal insulating inserte.

Figure 2. = Sections of three gas-heated inlet guide vanes.
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Figure 3. - Variation of indicated liguid-water con-
tent with alr total temperature for constant spray-
water input. Alr velocity, 280 mlles per hour;
mean droplet diameter, 10-15 microns.
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Figure 5. = Chordwilise varilation of internal gas velocity.
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(a) Air velocity, 180 miles per hour;
air total temperature, 00 F; water
oontent, 0.4 gram per oublc meter; icing

time, 115 minutes.

{c¢) Air velocity, 280 miles per hour;
air total temperature, 0° ¥; water

content, 0.4 grem per cubilc meter;
leing time, 9 minutes. icing time, 11 mi

Figure 6.

lcing time, 7 minutes.
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(d) 4ir velooclty, 280 mi

- Icing coherecteristics of unheated venss.

25

(b) Air veloclty, 180 miles per hour;
elr total temperature, 0 F; water
content, 0.9 gram per cublc meter;

185 pexr hour;

alr totel temperature, 0 F; weter -
content, 0.9 grem per cubic meter;

nutes.
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(e) Air veloclty, 180 miles per hour; (f) Alr velocity, 180 miles per hour;

eir total temperature, 22° F; water alr total temperatm-s,22° F; water .

content, 0.4 grem per cubuc meber; cantent, 0.9 gram pir cubic meter;
leing time, 10 minutes. ) icing time, 37 minuntes.

N \'1‘:!)'.“\“1] i _

(g) Air velocity, 280 mlles per hour; {h) Alr velocity, 280 miles per hour;-
air total temperature, 22° F; water alr total temperature, 220 F; water
content, 0.4 gram per cubic meter; content, 0.9 gram per cublc meter;

loing time 42 minutes. leing time. 4 minutes.

Figure 6, ~ Concluded. Iolng characteristlics of unheated vanes.
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- (a) Water content, 0.4 gram per cubilc
a meter.
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Icing time, min

(b) Water content, 0.9 gram per cubic
meter- '

Flgure 7. - Pressure loss across cascade of

unheated gulde vanes as function of icing
time.
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(a.) Alr veloolty, 280 miles per hour; alr total temperature, o° F; water content, 0.9 gram
per oublic meter.

(b) Alr velocity, 180 miles per hour; alr total temperature ’ o° F, water content, 0.9 gram
per oubic meter.

Flgure 8, - Typical icing with submerginal heating. c
. « 25800
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tg=-tg , Op

Surface-temperature rise,
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Surface distance, s, in.

Figure 9. - Chordwise surface temperature rise in dry air flow
for three gas-heated vanes. Alr veloclty, 298 miles per
hour; gas flow, 120 pounds per hour; mean gas-temperatwre
differential, (tg,m-ts), 195° F.
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Mass-veloclty ratio, 5.38_30.
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Filgure 10. - Relative modificatlon effectiveneas of vanes 2

and 3 as function of mass veloclty ratio.
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Figure 13. - Chordwlse surface-temperature dlstributlion for
three vanes in ilcing condition with heating in excess of
anti-ioing requirement. Alr veloclty, 280 miles per hour;
datum air temperature, O° F; water content, 0.9 gram per
cubic meter.
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Figure 14. - Chordwise distribution of internal gas

temperature for three vanes.

Air velocity,

280 mlles per hour; datum air tempersasture, 0° F;
water content, 0.9 gram per cublc meter.

LT%1



L%

NACA EM ESOIOS

Average surface temperature, tg ay, °F

150

T T T
] Vane Alr velocity
(mph)

180
280

180 -
280

180

OV -

AN
- AN
N
DAY

NN

SR

=40 -20 0 20 40
Datum air temperature, tg, °F

0

130

voha do
G DY M

H
5
P
7
’,,/’

e
e

70

(e} Ice-free tralling-edge condition.

Figure 15. - Effect of datum air temperature
on average chordwise surface temperature of
three inlet guide vanes with marginal anti-
icing. Water content, 0.9 gram per cuble
meter.,
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(b) Ice-free leading-edge condition.

Figure 15. - Concluded. Effect of datum ailr
temperature on average chordwlse surface
temperature of three inlet gulde vanes with
marginal anti-icing. Water content, 0.9
gram per cublc meter.
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Heat requirement, wep(tg,m-te), Btu/hr
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Pigure 16. - Heat requirements at various gas flows for marginal antl-

icing at mldspan of three vanes.
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Figure 16. - Concluded.
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(b} Ice-free leading-edge condition.

marginal anti~icing at midspan of three vanes.

_Heat requirements at varlous gas flows for

LT¥1



L1¥1

NACA RM ES0IO08

Btu/hr

B.)’

Heat requirement, wep(tg,m-t

16,000 , !

- |
A Vene Alr velocity
\ (mph )
o 1 180 B
\ o 1 280
o 2 180 -
12,000 a2 180
52 3 180
3 280 _
R
8000 \
¢ \
11 1 K\ \
4000 \\\\‘iigigg\\ .
~wE
o [
-40 -20 0 20 40

Datum alr temperature, ta, °F
(a) Marginal heat requirement, wep(tg m-tgle

Figure 17, = Comparison for three vanes of mer-
ginal requirements for ice~free tralling edges
at midspan. Nominal water content, 0.9 gram
per cublc meter; assumed gas flow per unit
internal area, 6X10% pounds per hour per square
foot.
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Mean gas-temperature differential, tg’m-ta-,oF
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Flgure 17. - Concluded. Comparison for three
venes of marginal requirements for ice-free
tralling edges at midspan. Nominal water
content, 0.9 gram per cubic meter; assumed
gas flow per unit internal area,
6x104 pounds per hour per square foot.
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Gas flow, w, 1b/hr
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Figure 18. - Calculated gas flow required to maintain full spanwise and

chordwise ice prevention with inlet-ges temperature assumed constant
at 300° and 500° F. Nominal water content, 0.9 gram per cublc meter.
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Gas flow, w, 1lb/hr
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Figure 19. = Typicel calculated values of
gas flow and gas-temperature drop for
two completely lce-free vanes as
function of datum air temperature.
Nominal water content, 0.9 gram per
cublc meter.
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Figure 20. = Calculested heat Ilnput required for
complete ice preventlion on vanes 1 and 3 as
function of inlet-gas temperature for range of
datum alr temperstures. Alr velocity, 280 miles
per hour; nomlnal water content, 0.9 gram per
cubic meter.
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Flgure 21. - Gas flow, expressed 1n percentage of
inlet-alr flow, requlred for hesting inlet-gulde-
vane stage for complete ice prevention.
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(b) Variation with inlet-air velocity. Datum alr
temperature, 0° F; nominal water content, 0.9 gram
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Figure 21. = Concluded. Gas flow, expressed 1n per=-
centage of inlet-alr flow, required for heating
inlét-gulde-vane stage for complete lce preventlon.
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